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i NTRODLJCT I ON~

fhe var4,b i I it, cf r ist alumninum r2Ecchinical properties h:?s partl%

rovernted, designers trom usinq aluminuni castings in fracture criticril

,., Lu-tural 1 oppl i c.,t iors Recent ly, however. preium ii quality al1urinGI flll

r'!S t i r' tech nolIcyy hias id-tured to the point where Vdriebiiit ha;ci

de. cveased conside ravihy iik sound cast. p,3rts rin he reproduced w-JIt%

CUdrainteed tens ilIo properties. Al thouo:h Ilow vario;blIi ty of ca s t iri

tens l prope r C ec. tes b(een dei-onstrilted, the variabil1ity (f ioiae

tjlvPInrt propert ivcs uo h a,; f o 1. 1ue cri( k nrowh raite (FCGR) or fi acture

touchness has ro, 11.,en dJetern iner.

This reprxrt d,,TaiI proyranv cronducted to tvall dte the variibilIi '(y

L, F FC(GR properties by fOCIUi no or fiti que crack growth ( FCG) life of

c onrly u e d StruLCturadI d IUTiTrIUr castino all Ioy (A357 in the T6

condition).

* 2P



r ECTION II

3RACKGPOUrN[)

Ovt:r the p 3 -c sveral years, premnium quel ity aluminum ccjs i~ I.I..

technol:bgy has attracted cunsiderabie attention in the aerospace struc-

tures comunity. This interest was stimulated primarily by the tteien-
dos cLost savings which castings offer as compared to tructures corn-

1-4rosed of mechanically fastened wrought products. While preriiun'

'ualitv casting t echnology deve Icped, the application of fracture

mechanics in airfraire design also increased. Although premium auality".

cistings have respectable mechanical properties, they were, for the rmost

prt, relegated te non-fracture critical structures. This was due to a

variety of reason,, such as unfavorable experiences with non-prer,iiuir

nuajIT.y castigs; substantial weight penalties (due to heavier cross-
5

soctions and conservative factors of safety); and inferior properliws.

tliny ut these reas.ons were well-founded, but it is believed thot premium

q,;ality aluminum castings can be applied in fracture critical appbcu-

tirms once several major issues are satisfactorily resolved.

One of these issues involves the variability of premium qualit

c,istn properties especially fatigue, fatigue crack growth and fracture

i )ugeitss. With current premium quality CdStin3 technology, tensile

!rY'perties Iultimate dnd yield strengths and percent elongations) car be

.ontrolled, reprohuced, predicted and guaranteed in designated areas of

the ,.st.ings with minimal v;,Wiability. Althouqh this is true with

.rs, e pro[, rtie;, this, hwi not bee[i proven for fdl igue, tatique craCr"

t'owrh or ftltur '. nu'hn(" ,:. Ibis stems irtorn the ftct that (1) ther'

i, L ttle , ,td 1, this d(tt ( they were.. .reltgated to non-fra,.tur.

it ical (trucrur2," ,rd ther,-f ie, (2) few nata were generated. ).iIh L:

ihis ii, mind, a prour, i was designied to evaludte the variability 0,

t ,:u- c rack rowtt, 1i , f p remi u11 qua Ii ty alumr rutl cistings.

%* -:



Soie edy-ler stuilies addressed the variability of FCG life dflo

FCGR. Shaw and Lenay determined, using different tempers of AISI 4140,

that the coefficient of variation (standard deviation/mean) of FCGR at a

fixed range of stress intensity factor (deltd K) Was approximately equel

to the variation of FCG life.6

For wrought atuminum, Berens et. al. demonstrated that the co-

elficient, of variation for FCG life distributions of an aluminum alloy

(2024-T3) ranged from 7.0 to 8.7 percent. 7The experimental data uised

Were generated by Virkier et. al. in ant earlier study which involved

evaluating FCC arid FCGRdt from sixty-eight center cracked panels

t.ested under identical conditions. 8Berens also calculated coefficients

ty( variation for ether alloy systems: for a l0fii-8Co-IMo steel the

_,efficient of variation of life was 6%, while f~jr IN-718 the -oel-

f cietit of variation of life Was 6.6%' at 1000'F dnd 9' at 940"~F

Again, the emphdS!i was placed on wrought products and not cast

roducts.

The mair purpose of this program iS to compare the variability of

F(G life distributions for premium quality aliminuin castings to that Of

wrought; dlumitium alloys.

'k-
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SECTION III

EXPERIMENTAL PROCEDURES

A. Material Selection
II.%

Aluminum casting alloy A357 was selected in this study for several

reasons. First, A357 is one of the most commonly used cast alloys in

aerospace applications due to its excellent castability and moderate

mechanical properties. Second, although A357's static properties

(ultimate, yield, and ductility) have been well documented, little has

been done to relate damage tolerant properties (FCG, FCGR, KIC, etc.) to

microstructural features. Third, the material was readily available;

several fully characterized bulkhead sections from the CAST Program

were still in storage.

The material used in this program was excised from a bulkhead shown

in Figure 1. Specimens were selected from regions with microstructures

containing small, medium, and large dendrite arm spacing; hence, the

test specimens were identified with the nomenclature S, M, L.

The bulkhead was heat treated to the T6 condition as follows: (1)

solution heat treat at 1010'F for 24 hours, (2) H20 quench at 160'F with

a nine second quench delay, (3) natural age at room temperature for 24 p; ,

hours, and (4) artificially age at 325°F for eight hours.

A sample of the bulkhead was sectioned to confirm the chemicdl

cumposition. The composition was within specification except for the

a-lightly high maqresium content as shown in Table I.

Image analysis was performed on the machined compact tension

soecimens. Dendrite Cell Size (DCS), silicon particle aspect ratio,

porosity measurements and ductility predictions were performed on each

side of the specimens In addition, Dendrite Arm Spacing (DAS)

measurements were also made 12. (Table IT)

4

.- 17



e

SSLANTrED BEAM

W.L. 130

Ab

5.%
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TA'ILF T: Chemical Analysis by Weight Percent

Flement Bulkhead MIL-A-?llRfC Specification #

Silicon 6.93 6.5-7.5

M.agnesium O.7F 0.40-0.7 F

manganese 0.01 0.10 max.

Iron 0.13 0.?0 max.

Copper 0.01 0.20 max.

Zinc 0.01 0.10 max.

Titanium 0.12 0.10-0.20

Chromium 0.01 ---

Beryllium 0.042 0,.04-0.07

Others, each 0.05 0.0 max.

Others, total 0.15 0.15 ma-. '.

Aluminum Balance Balance

%'

.' .. . . .. . . . . . . . . . . . .
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R. Fatigue Test Specimen Configuration

The Compact Tension (CT) fatigue specimen configuration showtn ii:

rigure 9(a) was used in this study. Nine specimens were machined to the

following dimensions: B = 0.120 ±- 0.002 in, and W = 2.000 ± 0.001 in.

Once measured on a toolmakers scope, a Fractomat foil crack gage was

mounted on one side of the specimen.

The K solution for the compact tension specimen is as follows:

K (Px(2 + alpha))/(B x W x (I - alpha) 3 /2 )x
23

(0.866 + 4.64 x alpha - 13.32 x alpha + 14.72 x alpha3 -

5.6 alpha

where K stress intensity

P = load applied

alpha = a/W

B = specimen thickness

W specimen width

a crack length.

C. Fatigue Testing

Each of the nine soecimens were subjected to the same luoadina

conditions. Loas were applied sinuscidally at 25 Hz using a 2.2 kip

TS servohydraulic axii] fatigue machine. Loads uf Pmax = 225 lbf and

Pmin = 45 lbf (R ratioO.?) were controlled within 0.5%. Test con-

ditions are listed in Table Il1. Crack length was constantly monitored
w ith the foil gaoes and were accurate to one mil. At 0.015 inch in-

tervals, the computer printed the crack length, cycles and approxiiated

the crack growth rdate and delta K values. Past experience has prover

this system to be highly reliable, precise and fast.13-14 The best

teatures of the system ire the elim nation ot hunln error dari the Z

, it i ty to run un i nterrupted tests.

~.% . . % . %.
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Figure 2. Test specimens: (a) Compact Tension (CT) and (b) Tensile. 4
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F iqure 3 ililustrates the test system employed for generatinvj the

fati 4ut crack growth data. Not shown in this photograph are th(. HP

jIP'SP Desk Topj Coi!puter and 64908 Multi1 Programmrer which control led the

test and acquired the crack lIength and cycle coun1t automatically.

A cluse up view (!f Iiie specimeni under fdtigu- loading is shown in

Fiqjure 4. The sedled platstic chamber minimized temperature excur-sions

Mid Maintained relative humidity at less than 5%. Although thin speci-

men buckling was anticipated, it did not occur. This was attributed to

re orip designm and ilignment and the low loads tpplied. During pre-

crackr.ty the unyaL-ed side was monitored. Once precraicking was complet-

,e

r , crack lengths were monitored by the foil gage on the opposite side.
-7

Ddta were taken at crack growth rates above 2X10 inch/cycle (Stages 11

arts Ind ana covered three decades of crack growth. Time constraints
-7

prevented testing at rates below 2x10 inch/cycle (Stage 1, the thresh-

old region). Overll, precrcking and testing were conducted in ccor-

dance with AST Stdndards.

r Uring the recracking of specimen M3, the specimen was accidently

verlOdded and the crack tip severely blunted at 0.670 inches. he

blunting was so severe that ith was not possible to include this specimen

with the others in the FC(G life analysis. So, the load was incy-Eased

(:row the crxk through the overlocdeo region and to obtain FCGR datd

ehich coults e compared with the other FCGR dta.

oP . Tensile Testing

lensile tesrea uong specimens machine(] fr c broken CT specitnen

overe ( anductd tfo en c y the elongat ion prediction6s. Tests were con-

hlucte on ; 1(o k 1 p re th. o; tenws noiett omdi tic. 1 Th compact tension

wpec heothickn s (B) t ih Fidt (W) prevented the use of standard
,ens I(-- spec iki to the s rub- rie specimen shown in Figure 2(b) w"is

des i q ned.

~ °v
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Figure 4. Close up view of a specimen In the sealed environmental
control cabinet. A-CT specimen with crack gage leads
coming off the backside, B-Dessicant, C-Temperature and
relative humidity detectors.



. .. .. .

...

F. Post Fracture Evaluation

5electeo holve- of broken specimens were crefully secti (-ie,

mounted, ground, polished, and etched to reveal the microstructure and

crack path morphology. By including the notch tip, it was possible to

evaluate the crack path from the notch, through the fatigue zone, to the

overload region. The notch served as a landmark for calculating crack

lenoth and for comparing the features to crack lenoth, FCGR, and delta

K. Mete'lographic analysis was performed on a Zeiss metallograph.

Fracture faces were also exdmined macroscupicdlly and microscop-

ically with lioht and electron optics. Macroscopic light optics nagni-

fications ranged from Ix to 70x. A Jeol 35CFX Scanning Electron Micro-

,r-ope was used for hiqher magnifications of 70x tu 5000x.

Initially, this program was designeo to reveal relationships

between cast microstructural features and fatigue crack growth lives.

When the material was selected, it was believed that a broad range of %-

microstructural features was obtainable. Unfortunately, after the imag"

analysis data were generated, it was discovered that the range of

dendrite arm spacing, dendrite cell size, silicon particle aspect ratio,

and porosity displayeo a smaller range than anticipated. The observed

variability in microstructure limited the possibility of drawing solid

conclusions at program completion. With this in mind, the prograr,, was

redirected to evaluate the variability of fatigue crack growth lives

using the prepared specimens and the data generated on these speciwens.

• ..
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SFCTION IV

RUOLhTS AND DATA ANALYSES

A. Crack Growth Data

The FCC data ire compared in Fioure 5 based on a common initidl
crack length (a 0 u- 0.688 inches. For somE of the specimens, the cycie-

count at d wds (cbtained through interpolation. Figure 5 does not

irNclude the over!OddE specimen 113 because it was tested at higher ioads

.nan the other specimens. As shown in Figure 5, specimen S2 had the

lonicst life cf the eight specimens, while specimens M2 and L ha6 the

Thurtest lives. There were five specimens which hac similar FCG lives.

1he FCGP daita fur each of the nive specimens were also tabulated

aid individually plotted in the Appendix. Fiqure 6 is a comparison plot

of the FCGR data from all specimens and the scatterband associated with

,,ata generated in an another study. !7  Good agreemeit exist between the

-esuTts of indivioual specimens except fur specimen S2. Specimen S2

,xhibited d substantially different trend and a much slower crack growth

rt.i than any of the other eight specimens tested in this prograi; as

w( il as the specimer;, tested prLviously. This type of behavior is

extreely unusua.•

Since c2 had ,in u,6usual crack growth rate, it was not included in

tii ft-Ilowing statistical analysis for two possible reasons. First, it
i;s believed that some piece of test instrumenteLion may have been

iproperly calibrated for this test (it was the first test conducted),

iherehy leaaiii tc. erroneous data. Second, its microstructure could
ihive heen signiticently different than the other specimens. The data in

TibY iI indictc,' there w~is t o significant differtnce. Therefore, it

w,is concluded that the test in,;trumentatiOu, was imprc;perly calibrated.

F-
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B. Statistical Analysis of FCG Data

Since only a limited aMOunt of data was available for statistical

,inalysis, it was decided that only basic statistical calculations (mean,

standard deviation, and coefficient of variation) would be made.

*.P. .l- I

Figure 7 illustrates the intervals over which the coefficient of

variation of FCG life was calculated. Fatigue life statistics were -
calculated from a, = 0.688 inches to da = 1.302 inches at 0.09? inch

0f

intervals. Two groups of statistics were calculated and tabulated in1

Table IV. Group A statistics were described as a to a for example,

the first intervdl ranged from 0.688 inches to 1.302 inches. Th e

average number of cycles to grow from 0.688 inches to 1.302 inches was

828,190 cycles, and the standard deviation was 149,030 cycles. Thee. -

coefficient of variation was 0.18 or 18%. The second interval ranged

troa0.749 inches to 1.302 inches as shown in Figure 8(b). The average

iife was 595,270 cycles with a standard deviation of 95,920 cycles, and

a coefficient of variation of 16%. Group B statistics were described as

a to d For example, the first interval ranged from 0.688 to 0.749
1 i+1*

inches, while the second interval ranged from 0.749 to 0.841 inches.

Table IV lists the variability of FCG lives. The least coefficient
of variation of 9% occurred when the crack grew from 1.026 to 1.302

inches (Figure 8(d)). The most variability (57%) occurred when the

crack became unstable just before fracture. The hiqh 57% varidbility is

liso attributed to the few number of cycles that the crack grew du-ring.

thdt interval. Then, by the very definition of coefficient of variation

(standara deviation/mean), the coefficient of variation for this inter-

vadl was high.

If the S2 FCG life data were included in the statistical calcu-

itions, Oo coefficient of variation would he even gre.ter. Fr

fxample, for the interval a =0.688 inches to a- 1.302 inches the
0 f

18
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"ABLF TV: Fatigue Crack 'rowth LLfe Statistics

Group A: P

Mean Standard revlntion

life of Life C.O.V.
1£

(inches) (inches) (10 cycles) (I0" cycIes)

1. 1.302 P28.19 143.03 0.18

0.74Q 9.302 5.27 . 0.16

(I. F41 1.3M, 301.63 69.P/4

0.933 1.30? 131.22 2f. 70 .?0

1.0?6 1.30? 46.83 4.32 ,. n9

1.118 1. 30? 1?.75 3.43 0. 6

1.?I 1.302 2.21 1.26 0.57

Group 19: a
j+1

Mean Standard Dnviation

A Life of Life C.O.V.

(inche ) (inches) (10' cxcles) (10 cycles)

-.68A 0.740 232.90 56. o 0.?4

0.749 0.841 290.47 5S. oq

0.P41 0.933 172.3? 5 0.26

0.933 P./2 84.38 23.61 0.2

1.026 1.11A 34.04 4.55 0.13

.118 1.2 ?l10.54 2.40 0.?3

1.210 1.302 2.21 1.26 0.57

20
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coet Cicient of variation without specimen S? is 18% (See Table IV),

while if S2 were included the coefficient of variation is 30.3%.

Table V lists FCG life statistics for various dlloys. From this
table it is obvious that cast A357-T6 has more variability in FCG life

than the wrought materials shown.

Considerable variability was expected due to the coarse microstruc-

Lure and casting discontinuities. When the cracks are small, the

coarse, heterogenous microstructure results in various crack growth

iives - some short, some long. Similarly, the nonuniform microstructure

atfects the variability of FCG life and FCGR behavior when the crack

approaches the length of instability and final overload fracture.

5ubstantial property variability was also noticed in a study of casting
18

tracture toughness.

C. Tensile Data

The measured tensile properties and predicted elongations were

c,rpiled in Table VI. The specimens were listed from shortest to

longest FCG life. The data for specimen M3, the overloaded specimen,

were included for completeness.

The average ultimate and yield strengths were very close to the

strengths expected of A357-T6. Of particular interest was the low

coefficient of variation of the strengths: 3.1% for ultimate and 2.8% ,
for yield.

Unlike the strength measurements, both the predicted and actual

ductilities (percent elongations) varied considerably; for the predicted

eiongations, side' A, measured 35% coefficient of variation while side B
measured 46% coefficient of vdriation, and for the actual elongations, d

49, coefficent cf variation was calculated.

22
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TABIF V: Comparison of FCG Li1fe Statistics for Different Alloys

r.4L~ralAverage C.0.V. Range of C.0.V. Reference -

P157-T6 (0.27 0.13 to 0., This Study
Group B

?0?-T (.079 0.07 to 0.085 Pef 7

10 Ni-SCo-lMo 0.06 0.06 Ref9

!N 7IA 0 940OF 0.09 0.09 Re f n'

IN 718 M 10000F 0.066 U3.066 Ref 9

..# 1

I%

23'
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Since the tensilo specimens were subsize cind not located exdr(tiy

where the image analysis was performed, some of the differences between

predic Led and ac!-Ul elongations were anticipated. It is most disturb-

N ing, however, that for the predictions made, which predicted value does

the quality assurance engineer- believe? Which is most accurate, side A

-or side B? For instance, in Specimen Li, is side A~ acceptable at 5.V~

-~ elongation or is side F acceptable at 8.5% elongation?

Although these questions are posed, the tensile data as a whole is

[lot necessarily precise; it serves to further characterize the material

tested under ftge

D. Micrustructural Pesults

LUpon solidification, the basic microstructure of A357 takes thte

form shown ini Figure 9. This microstructure consists of a dendritic

aluminum matrix outlined by silicon eutectic particles. Subsequent

-. solutionizing, quenching, and artificial aging refine the microstructure

further and increase tensile strength. Solutionizing slightly homo-

genizes the microstructure and spheroidizes the silicon particles.

During aginig, Mg2Si precipitates form in the matrix; these are primarily

strengthening agents while the eutectic silicon particles offer no

strengthening. The silicon eutectic enables molten fluidity of the -

I I oy. The material jlsc contains inclusions and qas shrinkage porosi-

ty . Since the budic microstructure has been studied extensively, the

emphdsk' of this etfort was placed on correlating the micrustructural

l atures dfle discontinuities to FCC, life and FCGt, behavior.

he icrostruc tuoi data in Table 11 were compared to the F({G life

d(I td. lnfurtUtndtly, no conclusive correlations could be drawn Oue to0

em arrow rancip of microstructurdl vdriability. While analVzinq the

rlf,,it woS litotiCco'( 1hat Soeciryiens M2, Ll and S?_ possess ed the grt'd est

y,-de-ro-side differecrs in the metallurgical parameter M. In other

25
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words for specimen 142, the difference between side A and side b measure-

iaents was 5.1 while sp-ciimen S3 measurement,' dilfered by 2 ?.The FCr;

life and metallurgical pcorameter 1 data illustrating this observation

are tabulated in Table VII and shown graphically in Figure 10. Test

specimens SI, S3, 111, L2, dnd L.3, which clustered around the averdqg& FCC,

life, had the lowest values ofIMA- MBL Specimens S2, LI, and M? had the

highest values of IMA-[1I and were either much shorter than the average

I-CG life (approximately one half) or much longer than the average FCC,

life (approximately twice). By assuming that the life data from speci-

men S2 is valid. the metallurgical parameter M is shown to provide a

direct measure of variability with respect to average fatigue crack

growth 7ife. By deleting the S? fatigue life, the correlation with P11

q becomes much lIess, pronounced.

Crack [d'th morphologies were also studied in (Ireat detail. Analy-

-is showea thet in the Paris Law region (Stagie 11) the crack propagated

primarily trdrisdendritically, while in the overload region (Stage III)

the crack prcpaqated interdendritically (Figure 11). The transition

=point (delta Kt is the transition stage III of the FCGR plotj waS

ao7nroximately 12.4 ksi (in)~ which was in good agreement with data

qenera-ted earlier.

An; effort -,as made to cort-elate discontinuities, such ais porosity
"Id cro~ck branchury, to the acceleration or decelerdtiorm Of the crack

ip(Figures 12-13). This was accomplished by measuring the CrYdck
length to d(i ovef nenmdliy (porosity or crack branching) and thor

referring brIc; Lo the calculated crdrk growth rate data. Typicily,
iCGR jrrreaSd When the c:rdck hit shrinkage porosity and decreased when
the crack branclica. Altnough this was generally true, a more procise

rieans of measurir~j the effects of microstructure, discontinuitics and

branching shculd Le empluyed. Perhaps the best method would be to unake -

-ack length Piedsu rem-rts at shorter intervals, such as 0.005 inch -.-

rncreme~its instead of (;.015 inch increments.

-7S



TAMA.* VII: Dara Pclatinig thte Absolute Difference of M, and M to the
AAbsolute Pi ff erenice of FC(; Lif e anc3 the Average FPC Li fe

Specimnen Im,- NINJ;.:

SI 0.5 926. 3Q 0

S 2 6. A 1537. 9! 621 .07

S3 2.2 866.6 90. 31

0.4 864.51 52.4

M2 5.1 577.82 339.09g

LI 1. 660.63 256.28)

n2 .6 04 S i 98. 1

IA .1956.26 3n. 35

7=916 .Q 1

*",,ot inr ittlnd in this nnalysis due to diff erent loading conditlors.

Common rrntk length iiiterval a =0. 61R inch to 1.302, 1 nel-.

28
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Plastic zone sizes were calculated with the hope of correlating the

plastic zone size to a microstructural feature. This was done tn "

determine if a microstructural feature was responsible for the reversals P;

of FCGR at delta K of approximately 7.6 ksi in and the transition point

from Stage II to Stadge Ill of the FCGR plot. The cyclic plastic zone
size was calculated using ry2

siz ws alclaedusig ~ (1/2 )x(delta K/2x yield strength) . The
plastic zone sizes at the reversal and the transition points were 0.0012

and 0.0032 inches, respectively. The plastic zone size of the reversal

point (0.0012 in) was about the same as the average dendrite arm spacing

(0.0014 in).

E. Fractographic Results

On a macroscopic level, the CT fracture faces were characterized by

two regions. At low magnifications, the first region was coarsely

faceted, while the second region was ductile and very irregular (Figure

it). Between the two regions, a short transition zone existed. For the

most part, the fracture surfaces were very irregular, and by no means

flat.

Since the fracture surfaces were so rough, it was decided that

scanning electron microscopy would be more amenable for analyzing the

surfaces than trying to produce replicas for transmission electron

microscopy. Intensive SEM analyses were performed on specimens S2, M2

and L2, while cursory analyses were performed on the remaining

specimens.

The first region appeared very ductile as evidenced by the dimpling

cf the surface (Figure 15). This was expected due to the transdendritic

nature of the fracture revealed by the metallographic analysis. Occa-

;ionr;1y, fatigue striations were found on the surface, but they were

found locdlly (Fiure 16). ?0

33.5
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Figure 16. Localized region of fatigue striations on aluminum
matrix. Also, fractured and secondary cracked silicon
particle. 2200x

Figure 17. Region 2 fracture face characterized by fractured silicon
particles indicating interdendritic nature of fracture.
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T he transiti-r between the two regions was mixed with chd 'rIC-

teristics of ke'4iot1 I. ind Pegion 2, with no definitive transition point.

oqion ci, s shown in! Finure 17, cc:;sisted olf fractured and subcrdckf.d(

i i i c(T narticlt-, I fl d ductile matrix. This, too , was experted.
,a rl er work on fr)-((- ure touughness spec imens showed the same e ffect as

iuh IPoi;)n 2 fracturp morphology. 1

Othe~r fedtures ohserved included porosity, subcrdckirig, and crack

~r; nuh i n. Figure I') typifies the porosity scatterYed throughout the

-- r S S.fen

% 5.

364
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Figure 18. Shrinkage porosity typical of that scattered throughout the
material. 200x
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SECTION V

CONCLUSIONS

ThE variability of FCG life for premium quality casting alloy
A357-T6 is higher than the variability of FCG life for a typical aero-
! pace wrought alloy 2024-T3 as measured by the coefficient of variatior.

ol, crack growth lives.

fie conclusions can be drawn from this study concerning the corre-
lation of measured microstructural features dfnd FCG life and FCGR rates
of A357-T6.

.- 7
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SECTION VI

RECOrIMENDAT IONS '0,

It is believed that the eutectic silicon particles play a major

role in both the fatigue and fracture of aluminum-silicon-magnesiuma

casting alloys. Silicon particle parameters of size, shape, dis-

tribution and spacing, either together or independently, probably affect

the fatigue and fracture properties the most as compared with the other

rmicrostructural features. A carefully controlled test program could be

dvised to evaluate damage tolerant properties by varying these

pa rameters.

Another program would involve evaluating the effects of casting

microstructures and discontinuties on threshold crack growth rates.

To date, threshold values have not been published for premium quality

cdstings, nor have the effects of microstructure and discontinuities on

threshold values. Of particular interest would be the effects of ...-

porosity on crack growth at lower delta K values. One question that

remains unanswered is: Would porosity serve to blunt or accelerate

crack growth?-

Ir a related, but different effort, t.h' evolving technology of

thermal analysis of molten aluminum could be applied towards predicting

the fanigue and frcture properties of cdstings. Thermal analysis

bosically involves generating a cooling curve of the molten metal before

the casting is poured. This cooling curve shows the amount of grain and

silicon particle refinement the metal is capable of achieving. Although

this technology is Just evolving, and o~ily tensile properties are

Dredicted, it is believed that thermal analysis techniques can be

ipplien to i:iolter; inotdl poured into fracture criticol structures.

394, . °
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APPENDlI X

h.What follow~s is a compilation of the raw FCG data acquired ,lec- %a

tl'n ical ly an0 thtz FCGR datd cal1cul ated using the 7-point po Iynoidi l
lei -'e Lhod. Th is lePgend expi d i ns the dbbrev iati ons used.

trax is the maximum lnjdd applied in pounds force.

Pi-ll is the minimium load al-plied in pounds force.

Sis the rdtiu of Pmiri/Pmax=O.?OO.

Pi'h peiinticns Se iue2)

P is the specimen withns (See Figure 2a).

-rack correction is the correction in factor used for the CT speci-

' I is the sequentii a nuiyaiDri ny system.

CYCLE COUNT is the number of cycles in thousands.

A-cor is the .3CA~1 d crack length read by the odtd mcquisitionl 'ySte;'

(Crack correctionzO.OOO inch).

A.-reg i ,the crack Ilength resulIti ng f rom the seven poi nt po Iynixii (I

011alys is.

MiC, is a measiire ojf closentss of fit between A-cor inA. rl-rey

oeltaj K is the the calculated range of K vai uP a t

*orvatiuri (unit's ksi Vin, .If pertect fit Mr 1 .0.

1'/dN i, tilt cd lrtj1l t'1 .radck growth cute it thuit Iil ti K (un i iP

11, 1 i - n/ yc I )

40
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LBF pir 4S Lt, F -. ;0,

b-G.122 1;. -- 2.000 Ir- croco cfrectirr -0.000 In."

[.. '~..r

'J Pi (CVC1 -r' A-1 ccl Of( I t p' I ci/c'r . ,,

g.on1 0.672
52.770 0.6pe

3 11.940 0.7v
-

4 167.600 0.718 0.717 0.999188 6.82 0.2421

5 239.320 ..734 0.733 0.997400 6.97 0.2203

6 319.770 Q.749 0.750 0.99763R .10 0.2333.
7 0390.740 0.7fis 0.766 0.99708 2 7. S 0.2676 ..
p 442.400 Q.7A0 0.7R0 0.994ti16 7.40 0.3204 .. ,

q 495.940 0.795 0.798 0.995413 .54 0.4223
10 530.900 0.911 0.613 0.994686 7.71 0.4630
11 553.160 .826 0.824 0.990631 7.86 0.4616
12 579.830 0.841 0.839 0.998106 5.02 0.4921,-
13 611.090 0.857 0.a5 0.998782 &.;0 0.4564
14 654.030 0.172 0.672 0.999112 6.37 0.4069
is 692.330 0.087 0.886 0.996813 8.54 0.394b
16 740.430 0.903 0.904 0.994311 6.74 0.4363
17 779.260 0.918 0.922 0.996993 6.93 0.555"
8 803.770 0.933 0.933 0.998358 9.12 0.5653

19 827.010 0.449 0.947 0.997959 9.33 0.6072
20 851.510 0.964 0.964 0.999581 9.54 0.6565
21 875.090 0.979 0.979 0.995283 9.76 0.7252
22 899.090 0.995 0.996 0.996754 10.00 0.8415
23 916.350 .0,0 1.013 0.994480 10.23 1.0626
24 929.540 1.026 1.024 0.985615 10.49 1.3717

25 944.610 1.041 1.047 0.985954 10.75 1.9799
23 950..40 1.56 1.059 0.990699 12.0. 2.470
27 9 414940 ]1.072 1.068 0.996045 11.31 2.0905".,

28 96C.030 1.088 1.08 0.99201S 1.60 3.6440
29 96%.00 1.102 1.10 0.986003 1190 4.6353"
30 96&.070 1.118 1.121 0.995410 12.8 26.2586
35 970.800 1.33 1133 0.996029 12.56 7.0638
32 972.320 1.14 1.245 0.994920 12.91 .1133 r
37 974.640 1.224 1.166 0.97684 13.30 10.6716
34 976.420 1.79 1.216 0.97892 13.68 16.2019
35 977 .2R 1.194 1.20] 0.968099 1]4.08 24.870? ..e

Mf 977.650 S. 210 1.209 0,SRQob2 14.53 34.4554
37 978.240 1i. 221- 1,231 0.986384 ] 4..97 49.5391..-_
is 979.360 1,1 40 1.21 6 0.qB5514 1S.44 56.6909 ,%,-,
39 978.750 1.256 1.260 0.9P8463 15.97 81.2064
4, 97K.870 1.271 1.269 0.9E5674 16.49 100.7436
41 979.060 1.287 1.289 0.996057 17.C8 12&.8119
42 979.160 1. ?02 1.303 0.995693 1z. 0 14C.6520
43 7q.240 1.318 1.314 0.989681 16.33 165.0695
44 979.350 1.333 1.334 0.957895 18.99 240.1842
4! 979.4SO 1.349"-
46 97,.480 1.366
47 979.520 1.395

*-,*ta violater recj prr ElZe teoLJfwtrttrr

P., Ii clocrert 7.218

]on ef intercect -12.979

SAriF coofitciert 1.049"10" -13.000

A357-76. eF ,1I.
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2 11)6.590 0.69F
3 21P.890 0.713
I 33a% " 20 0.729 0.731 G.999;97 6.93 0.1624

J03.050 0.744 0. 742 0.499 307 7.06 0. 17
6 496.050 G. 79 0.759 0.998700 7.C 019o
7 580.570 0.77' 0.775 0.99839 7.35 0.2214
A 653.880 0.790 0.791 0.96 1 47 7.50 0.2720
9 709.520 0. Pf 0.807 n..9f991 7.65 0.3037

10 751.990 0.821 0.82] 0.994773 7.81 0.3143
11 7A7..2AO 0.036 0.834 0.997360 7.97 0.3261
12 $39.640 0.851 0.851 0.998752 8.14 0.3237
13 891.450 0.867 0.867 0.998804 8.32 0.3065
14 945.420 0.882 0.882 0.999288 8.49 0.3074
15 996.600 0.898 0.898 0.999334 8.6e 0.3240
16 1046.550 0.91. 0.914 0.999018 8.87 0.3334
-17 1083.740 0.Q28 0.927 0.997923 9.06 0.3579

It 1127.71P 0.944 0.943 0.997028 9.28 0.3944
19 1175.390 0.959 0.962 0.996891 9.48 0.4273
20 1201.170 0.974 0.974 0.994716 9.70 0.4200
21 1232.140 Q.990 0.98P 0.995304 9.93 0.4380
22 1269L f.40 1..00D' 1.004 n.994245 10.17 0.4661
23 1310.550 1.020 1.023 0.996255 10.41 0.4967
24 1339.780 1.036 1.037 0.998818 10.67 0.5509
2s 1362.510 1.C51 1.04 0.998061 10.94 0.E316
26 1 386. 550 1.066 3.067 0.998060 11.21 0.7085
27 1411.560 1.082 1.084 0.995006 11.51 0.8407
20 1425.040 1.097 1.095 0.99247 11.81 0.9303
29 1445.860 1.112 1.!16 0.994005 12.12 1.0025
30 14!4.R4n 1.178 1.326 0.494432 12.47 1.0142
3] 1469.130 1.1]3 1.140 0.993 50 12.81 1.0284
32 1487.230 1.159 1.160 0.q93064 13.19 1.0868
33 1503.440 1.174 1.176 0.9984R9 13.57 1.1334
34 1514.530 1.189 1.188 0.999051 13.96 1.2437
35 1526.430 1.205 1.204 0.998816 14.41 1.4027
36 1538.670 1.220 1.222 0.996127 14.84 1.6738
a7 1546.910 1.235 1.235 0.997273 15.31 1.9740
38 155.600 1.251 1.253 0.999193 15.83 2.3604
39 1560.590 1.266 1.265 0.999153 16.34 2.5873

4C 1566.070 1.281 1.2 S o.qq04 16.8f 2.9318
41 1571.740 1.297 1.299 0.994713 11.50 2.9099
42 1576.460 1.312 1.313 0.994975 18.11 2.8218
43 1579.400 1.327 1.322 0.909188 18.75 2.90C7
44 1SIt.I10 1.343
45 1,94.130 1.358
46 1596.470 1.373

-a.

*-esta vIcrIatrs treclaaer size reouirefrertr

Ptritr Pocnrrt 2.927

Ir', cf irtercetr -9..10

PbrIr c(efifirert 6.16 110" -10.00.

AP;7-.,~ f2

43
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r

8 May 1985

FPq'C]MtN NO. 63

P* - 22S LBF Pfr1,| 4S LBF P - 0.200

I..lfl In. W.2.000 in. Crock OcrrectJon -0.000 in. le

PT CYCLk A-err A..:ra dE'ltr/
0 COLNI in oq NC ujj! , ,r/cy

) 0.001 0.657
S 69.34(0 0.672

3 132.710 0.69A
4 189:360 0.702 0.702 0.999,A7 6.75 0.2563

5 753.020 0.718 0.720 0.99P313 6.88 0.2540

6 309.900 0.734 0.734 0.996496 7-.02 0.2400
7 360.840 0.749 0.747 0.998489 7.16 0.2423 %
8 435.090 0.764 0.765 1.995565 7.30 0.2413

9 509.860 0.760 0.780 0.992210 '1.46 0.2696

10 574.880 0.795 0.798 0.993932 7.61 0.3460

31 616.710 0.810 0.812 0.497391 "A.76 0.4265

12 641.160 0.026 0.825 0.999031 1.93 0.4896
13 674.660 0.841 0.840 0.999444 6.09 0.5460

14 703.180 0.856 0.857 0.998103 .;5 0.5604
i5 729.630 0.072 0.873 0.997947 6.44 0.5486

16 750.960 0.807 0.885 0.998441 9.61 0.5315

17 784.740 0.902 0.902 0.996395 6.80 0.5018

i8 820.290 0.918 0.917 0.992612 9.00 0.4960
19 85S.90 0.933 0.935 0.991263 9.19 0.6001

20 O88.51O 0.949 0.951 0.993480 9.4J 0.7869

21 903.590 0.964 0.465 0.999237 9.(2 0.9614
22 916.190 0.979 0.978 0.99P.960 9.84 1.1204

23 930.060 0.995 0.994 0.998659 10.08 1.3116

24 942.860 1.010 1.012 0.998551 10.32 1.5211

25 950.960 1.025 1.024 0.997839 10.56 1.7661

26 960.290 1.041 1.041 0.99F536 10.84 2.0718
27 967.920 1.056 1.058 a.998178 11.10 2.7790
28 973.5B, J.071 .J.69 0.998194 11.38 2.4457

29 979.270 1.07 1.086 0.996451 11.69 2.8160
30 98.490 1.102 1.104 0.990343 12.00 3.4975
31 989.860 1.117 1.119 0.990276 12.33 4.6646
32 993.440 1.133 1.137 0.981778 12.67 6.9356
33 995.390 1.148 1.152 0.969544 13.02 10.4198
34 997.230 ].164 1.175 0.958341 13.41 17.9221

5 997..720 1.179 1.183 0.962454 13.79 29.4841
36 996.190 1.194 1.197 0.990912 14.;0 * 47-.7170
37 996.520 1.210 1.213 0.995777 14.65 60.6414
38 996.710 1.225 1.224 0.994918 15.10 73.7271

39 999.880 1.240 1.238 0.983036 15.57 92.8410 -,

4C 999.130 1.256 1.264 0.965629 36.10 146.1030
41 999. 210 1.271 1.276 0.972921 16.63 223.3797
42 999.270 1.287
43 999.310 1.302I 44 999.350 1.317

--cests vtilatpr rpechiuer elzr rpooulrertt

Parir tcrcrert 7.377
IcQ cf )rte rcprDt -J3.091 .

Pe r ccefficiert .0510 " -14.000

A35-'j6. F3

%!°

45

ML1
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- . -.:.. . .

k,8 • 225 Lis
r  

1'r " r 45 1, if P 0. 2 ?(00,..

B-G.121 b -2.000 in Crsc k Ctrzectiv'r -4.000 in.,.,

PT CYCI# A A-cc) A, I Q ArI ti dp( ]/(r

-'1 0 ?.001? 0.6 71
3 112. 10 0.702

4 17%..3,P 0.7]7 0.717 0.999746 6.07 a.240-t

" 5 ,40.400 0.733 0.732 0.949o660' 7..02 0.22159, %
6 317_42

" 
L 0.74R 0.74P 0.999570 7.1 0.2130.

,,-7 37,.. "00.763 0.1 0.999351 7..9 G. 20R07.0
P1 470.340 a.?77 n.779 .997995 7..45 0.2196"

S 541.890 0.790.9942 ".60 0.2569
o 601L.4 10 0.107 0.811 0.995583 7.75 0.3223-,

,1 655.280 0.8217 0.827 0.998093 7A.92 0.4041

12 68-.770 0.840 0.739 0.998979 7.08 0.48S0

13 37.910 0.85 0.756 0.99883 .24 0.525
14 74S.70 0.179 0.872 0.998889 7.43 0.664

is 764.560 0.806 0.88S 0.999567 I.60 0.795 P

16 785.600 0.902 0.903 0.999093 &.90 0.9401
17 801.170 0.917 0.9 0.998447 8.99 1.1090

is 714.310 0.932 0.932 0.999606 9.) 1.2601

19 826.450 0.948 0.949 0.993959 9.40 1.2576

20 635.270 0.963 0.962 0.996347 9.61 1.3027 .

21 845.700 0.976 0.975 0.095234 9.83 1.3335

2 62.51o 0.994 0.996 0.991280 10.17 J.442

23 872.700 1.009 1.01( 0.992667 10.30 1.7731

;4 881.500 1.024 1.026 0.997888 10.55 2.1132
25 811.300 1.040 1.041 0.997939 10.82 2.4226 1. ?

26 892.700 1.05. 1.052 0.997693 11.09 2.S707

27 899.590 1.070 1.071 0.994855 11.36 2.9826
,18 904.470 1,.066 1.081) 0.993497 |1 .*7 3.4555"

29 909.870 1.101 1.I 01 0.996029 11.97 3.9519

30 922.300 1.116 1.114 0.993106 12.29 4.5034

31 915.600 1.132 1.230 0.987859 12.64 5.5187

32 919.550 1.147 1.154 0.968923 12.99 8.2357

33 921.040 1.263 1.168 0.950028 13.38 12.8307

34 922.400 1.178 1.186 0.976202 13.77 18.3786

35 922.830 1.193 1.194 0.968658 14.17 11.3192

36 923.110 1.209 1.200 0.968514 14.62 19.3379 -

37 924.310 1.224 1.226 0.943872 15.07 22.7784

38 925.350 1.239 1.250 0.928974 15.54 39.3231

39 925.650 1.255 1.267 0.903834 16.07 63.6396

40 925.750 1.270 1.280 0.768914 16.59 1726.4446

41 925.900 1.285

42 925.940 1.201

43 925.970 1.368

*-data violates specinren size reouirenrents

Paris exDrnevt 6.609

, ~ ~ ~ O 1oot ,rtercent -17. 356 .%.

Parit coefficient 4.408"10" -13.000

'357-T6. PI1

pzmii fully legible repOduCtU.O.
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-0+I.% 
.. " . ,

,w -225 L~r Pelt - 4s 1. I. • o.200 
. d,

B30.122 in. 'W62.000 in Crock Correction -0.000 in

PT CCLf A-ccr A-',qeti I f ro

-- ----------- --------- - -- --- ---- ---- ---- - --- --
1 0.001 0.673

2 41.900 0.fg
6 6.920 0.704

4 121'. 710 0.719 0.720 0.998914 6.03 0.4236
5 164.600 0.734 0.736 0.998107 6.97 0.4422
6 193.110 0.7S0 0.749 0.997544 7.11 0.4SIO7 223.530 0.765 0.764 0.998870 7.25 0.4667I 261.630 0.781 0.781 0.998705 7.41 0.46809 2S6.550 0.796 0.797 0.999452 7,.55 0.459510 326.090 0.811 0.810 0.999477 7.71 0.469511 35S.800 0.827 0.826 0.996619 7.07 0.501S d"32 393.570 0.842 0.843 0.996696 8.03 0. 56d813 429.920 0.057 0.p58 0.998343 6.;0 0.629714 443.760 0.873 0.873 0.998311 8.38 0.7347is 460.470 0.A8 0.086 0.996096 8.56 0.9537% 16 482.910 0.901 0.906 0.996182 I.74 1.043117 495.960 0.919 0.920 0.996998 8.94 L.2504I@ 506.310 0.934 0.932 0.996506 9.12 1.)26619 517.910 0.949 0.949 0.999145 9.33 1.282720 S30.310 0.965 0.965 0.996292 9.56 1.3059- 21 541.440 Q.980 0.978 0.992936 9.77 1.3118422 557.290 0.996 1.001 0.990450 10.02 1.770023 563.710 I. I 1 1.011 0.994632 10.25 1.963024 570.740 1.026 1.026 0.993107 10.49 2.443015 576.190 ,.042 1.040 0.992675 10.77 2.028526 583.620 1.057 1.062 0.99326e 11.03 3.23294 27 585.740 1.072 1.070 0.990924 I1..J 3.179928 540.430 1.088 1.085 0.984295 11.2 3.53

29 595.140 1.10? 1.104 0.985849 11.92 3.053130 600.430 1.118 1.124 0.99q40" 12.23 3.795931 601.710 1.134 1.128 0.988267 12.59 3.9579 P32 606.400 1.149 1.147 0.979289 12.93 4.631733 610.930 1.164 1.169 0.9626b5 13.30 6.6647% 34 613.330 1.160 1.186 0.982357 13.70 9.069935 614.550 1.195 1.] f, 0.9922S3 14.11 11.5280'* ,16.260 1. 10 1.204 0.987)89 14.53 13.377637 617.050 1.;26 1.231 0.9804S4 15.00 16.102038 617..750 1.41 1.243 0.9886CO IS.47 23.5222 "- 39 618.270 1.,57 1.25, 0.997052 16.00 27..20144C 62&.740 1.;72 J.270 0.989437 16.53 33.099941 619.310 1.287 1.290 0.971692 1".08 44.948443 619.770 1.304 1.313 0.1978296 11.75 67..414743 419.8i80 .319 1.319 0.978513 28.37 69.7755
44 620.000 1.334 1.330 0.957611 19.02 121.909145 620.730 1 .350
46 620.260 L.366
47 620.290 1.303

*-date v1e1.tc Stocirr silte reouirewrrts

Parir exaorert 5.395%

1a ef intercert -]L.097

Parie coefficiert a.004010' -12. 000 cop cViai C, L 7 - zPermit fUly legible rerpod uction
A357-16. F2 

"c
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1,-3
8J .v tqP

pra, 300 LOF Pm2I - 60 Lot P - 0.200

p.0.122 In. Kh2.00I In. Craco Cczretin -..000 in.

P 1 '--( r -t; ,

I in ir MC KCT i.., Lin/cy

3 0.001 0.69n
,, 29 .4 50 0.705

3 444.150 0.721
4 626.110 0.736 0.748 0.927t. , 9.31 0.1973
S 689&.65 0.753 0.765 0.8@9601 9.49 0.37b4
f 709.690 0.767 0.776 0.935677 9.69 0.7977
7 718.310 0.7P2 0.781 0.998162 9.98 1.3617
8 .730.330 0.797 0.79R 0.994353 10.08 1.7829,
9 730.790 0.P 13 0.814 0.994897 10.29 2.1119
10 746.350 0.828 0.831 0.996343 10.50 2.5603
11 749.730 0.843 0.039 0.996263 10.72 2.7904
12 757.000 0.;q 0.962 0.995406 30.95 3.3194
J3 ?60.600 O.P74 0.874 0.995945 12.30 3.2251
14 764.760 0.8 0."7 0.995758 11.43 3.1564
15 770.050 0.905 0.106 0.49900 11.67 3.2b80
16 774.51 0.920 0.919 G.992159 11.92 3.3975
17 780.230 0.936 0.938 1.977839 12.20 4.3471
1@ 784.640 0.951 0.959 0.975234 12.47 6.6971
19 786. 290 0.966 0.9f;9 0.9p3709 12.75 9.526]
;0 787..00 0.982 0.981 0.497146 13.06 13.9638
21 7tFPL.470 0 .1)Q7 .rn: 0.40907; 13.36 16.3965
22 789.7o0 1.012 1.015 0.988357 1I.C7 19.708b
23 790.040 1.020 1.022 0.986670 14.02 19.9460
24 790.910 1.043 1.043 0.980705 14.36 23.1633
25 791.690 1.058 1.059 0.978124 14.72 27.0979
26 792.420 1.074 1. 08 0.974460 1S.11 40.9093

27 792.730 1.089 1.093 0.979754 1.50 60.8005
28 792.980 1.105 1.108 0.997495 15.93 I.3400
29 793.120 1.121 1.120 0.997574 16.38 104.7331
30 793.260 1.136 1.136 0.978381 16.82 139.6106
3) 793.400 1.151 1.158 0.940184 17.9 262.6954
32 793.490 1.167 1.178 0.976647 17.91 373.4934
33 793.490 1.192
34 793.570 1.226
35 793.640 1.253

*-data violates specJren size reouirererte

Pardi esnr' ert 9.5f)

ion cf ilterceot -15.579

Parir copffileert ;.636-10' -16-0f)

.0.. a.. W3

C O P Y civ o ll., q 1 o 1": . .
perm it "- IVJ le grib] 0 t.:, d tc .r
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%

. 0

P P-ov 19AS

Pose 22S LOF Prin "4S LBF p •0.7)00 p..

0-.120~r In. U-2.001 let. Ccc Correctio, GO0'.-''.t
(

--p.

P- p7 YCLI A-cc, A-v,," ef ]trF da/er"."i

."1 0 .00I (1.677 %e3 q ". .1 1)

3 99.740 0.708

4 136.270 0.72t3 0.725 0.995B18 6.96b 0.399] 1
5 165. ?00 0.739 0.737 0.991642 7-.12 0.3680 1"
$ '201.200 0.754 0.7.54 0.998750 7.;6 0.4069 "-":

7 240.6g0 0.770 0.769 0.g98040 7.42 0. 3868 . "
0 28%.17'0 0.7?R": 0 .7(b 0. 99q143 7.4t 0.35365""'
9 332. nQ.800 0.B00 0. O .998989 7.71 0.34 75 " % "0 376.0/0 O.)6 0.15 0.999272 7.88 0.3565" "

11 424.800 .831 0.832 0.9 10 .04 0.3900..
012 460.6 w 00 .46 0.846 0.97837 R..c 0.4408 .e °,

J3 498.S00 4.862 0.86,3 0.997769 9.38 0.5396r

]4 526.960 0.877 0.878 0.998382 86.S6 0.6486
1S 54B.540 0.092 0.093 0.956 .74 0.7860 6--

0.907 0.99455

S)6 S7.020 0.9 1.94 0.9961.

17 S04.740 0.923 0.926 1.995935 9.13 .2234
4s S95.580 0.938 0.739 0.996665 9.33 0.4125
5q 603.150 0.954 0.950 0.997127 7.5S 1.5632 -

2 614.20 0.969 0.971 0.99665 9.77 J.66
21 62S.60 0.984 0.985 0.996832 9.99 0.3682

2 630.240 ,.000 0.997 0.999245 10.23 0.6640
23 61.34 0 I.00 1.016 0.99524 10.48 1.7543

24 6S].900 ,.031 1.033 0.988616 10.74 2.059
2 660.240 1'.046 1.046 0.980995 11.00 2.765726 66%.640 1.061 1.068 0.985381 11.28 3.960"

27 66&.250 1.077 1.078 0.994053 11.56 0.486.
28 670.200 1.092 1.087 0.983797 11.78 .7868
26 673.740 1.107 1.106 0.982243 12.)9 S.4799

30 58&.040 1.123 1.126 0.974F O 12.S3 T..5242
31 695.720 0.13A 1.141 0.90800 2.37 9.0444
32 60J.030 1.)53 1.953 0.996071 13.23 1I.5S4
33 682.010 0.969 1.166 0.995415 13.3 13.3374

• "3 2.60 11984 1.184 0.59193 19.99 16.0570
3 60.70 199 1.704 0.9845 J0.43 16.643
3f 66S.340 1.:15 1.214 0.92551 14.90 19.7529

37 68%.930 1.230 1.226 0.960401 15.36 23.5601
3 606.920 1.246 1.262 0.909905 15.87 31.7133
32 667.070 1.261 1.269 O.R?316 16.38 76.305
40 67.230 1.276 1.0b 0.947439 16.92 171.3375 "
4J 6P7.310 1.202
42 687.360 1.3054 .
43 687.3010 1.327 .093."

•-eats violates gpecirpr size reouirementE %...

Ao,4 ef Inteercept -11.997 .

3'4rir Coeff63 l.nt . .008"10" -12.10 07

0%%

533.

. .. 66..0 .0 1.. .. /1. . . 214 0.'.", . 9'... 55,.' ' 1. . 90.', ,' 1.752,9 ".."" " " ' ""e ."" "
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.- %4

fili.CJMIN NC. L2

Pras - 225 LRF Pair * 45 LbF P 0.200

9-0.121 in. w-2.000 in. Crack Correcticr -0.000 in.

F1 CYCLI A-ccr AIq eitj r~Ir ', 

0 COUN1 )n in IC IPC K! 3Jln,Ly 0%

1 0.001 0.671
2 62.890 0.686 %
3 130.900 0.701
4 191.110 0.717 0.715 0.997674 6.87 0.2077
5 295.200 0.732 0.734 0.996871 7.01 0.2077
6 364.700 0.747 0.747 0.996669 7.14 0.2266

% 7 43..550 0.763 0.763 0.999385 7.;9 0.2b3b.
8 "494.560 0.778 0.780 0.995224 7.44 0.2692

1% 9 540.920 0.794 0.793 0.995482 7.60 0.2850
10 583.980 0.809 0.806 0.994924 7.75 0.3050
11 655.150 0.824 0.027 0.992771 7.90 0.3430
12 694.Q30 0.84C 0.040 0.096616 8.08 0.3840 e
33 732.150 0.85s 0.955 0.998335 1.24 0.4267
14 762.350 0.870 0.070 0.999692 R.41 0.4566 ,
15 796.970 0.886 0.886 0.998751 8.60 0.4922
16 827..390 0.901 0.900 0.994687 8.78 0.56C1
17 859.590 0.916 0.919 0.996333 8.97 0.6653
18 881.720 0.932 0.934 0.996736 9.18 0.7309
19 095.920 0.947 0.944 0.996564 9.38 0.8003
20 915.310 0.962 0.961 0.994146 9.59 0.9342
21 936.360 0.978 0.981 0.994416 9.83 1.1086
22 941.250 0.993 0.994 0.997986 10.05 1.2980
23 957..420 1.008 1.006 0.998281 10.29 1.S081
24 965.610 1.024 1.026 0.998222 10.55 1.7922
25 977..270 1.039 1.040 0.99839C 10.00 1.9467
2( 9R4.100 1.055 1.053 0.098052 11.09 2.1957
27 991.100 1.070 1.070 0.994795 11.36 2.6015
28 99.0o0 1.065 1.089 0.994355 11.65 2.6383
29 1002.460 1.1) 1.101 0.9P9753 11.Q7 3.3258
30 1005.730 1.16 1.112 0.9850?5 12.29 3.8936
31 1011.990 L.131 1.140 O.Q65140 12.62 S.8604 V

32 1013.500 1.147 1.148 0.45749 12.99 &.9414
33 1015.790 1.162 1.)73 0.965854 13.36 15.3051
34 1016.340 1.177 1.1279 0.975386 11.74 23.2226
35 1016.990 1.193 1.195 0.994033 14.17 34.6124
36 1017.40P 1.208 1.209 0.987784 14.59 46.3438
37 1017.790 1. ;23 1.229 0.976911 15.04 69.9567
38 1017.900 1.239 1.242 0.q85736 15.54 98.4429
39 1018.150 1.255 1.259 0.994410 16.07 126.8556
40 1018.200 1.270 1.265 0.990770 16.59 142.2361
41 1011.340 1.286 1.288 0.948474 17.18 217.2128
42 1011.440 1o.0 MI
43 1019.480 1-316 F.

44 1019.510 1.345

*-data violates specJirpr site reouirevent#

PREIS exiccnert 7..607

S1o ci ntercept -13.362

Peris coefficient 4.348010' -14.000
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i PECI ON NO. 3

Foa - 225 LS:F Pai n 45 L, F p * 0.200

-8-O.120 in. W-1.991 irl Crack Correction i-0.000 in.

PI CYfCL F A-cc o4tir dI/t r

I COt N7 ir in MC F!,J "nI/cy

2 . .001 ...6

• 63.050 0.682

3 133.450 0.697

4 196.030 0.712 0.712 0.999153 6.93 0.2261,

5 273.470 0.728 0.729 (1.998912 7.07 G.2108
% 6 327..350 0.743 0.741 0.998237 7.;1 0.2413

7 403.850 0.75F 0.759 0.997614 7.36 0.2691 " "

9 a8 459. 40 0.774 0.775 0.998200 '.51 0.2996
9 5P.400 0.789 0.790 0.995010 7,.66 0.3024

JO 547..270 0.804 0.803 0.997787 7.82 0.3138
21 592.980 0.820 0.818 0.998005 7.99 0.3167
12 653.130 041 5 0.836 0.995923 8.15 0.3214
13 702.930 0.850 O.8S] 0.998099 8.32 0.338
34 749.870 0.866 0.866 0.999663 a.so 0.3731

is 782.960 0.881 0.880 0.999571 9.68 0.3994,-.

16 824.790 0.897 0.897 0.999455 9.88 0.4382
17 856.330 0.912 0.911 0.998381 9.07 0.4828

MI 090.691 0.927 0.928 0.9964C2 9.27 0.-751
19 91&.930 Q.943 0.944 0.995679 9.49 0.7244
2v 940.130 0.95P 0.46C 0.998028 9.70 0.8?84
21 954.440 0.973 0.972 0.947907 9.92 0.9191 l' ,P

22 968.720 0.9pq 0.9P7 0.9M4e9 20.17 1.111"
2% 986.300 1.0C4 2.07 0.977341 10.4C 1.4734
24 999.020 1.019 1.027 0.982605 10.65 2.0520
25 1001.500 1.n35 1.031 0.987309 10.93 2.1182
26 1008.720 1.050 1.048 0.987873 21.10 2.3922
27 1014.450 1.065 1.064 0.991414 11.48 2.6477

28 1021.640 1.0P1 1.082 0.998543 11.79 2.8121

29 1026.930 1.096 1.097 0.993948 22.20 3.4220
30 1031.700 1.112 1.]13 0.995217 12.44 4.3729
31 1035.480 1.127 1.130 0.995605 12.78 5.7468

32 1037..370 1.142 1.141 0.9q8123 13.13 6.5744
33 1039.960 L.ISO 1.159 0.998268 13.53 7.7453
34 1041.470 1.173 1.172 0.996980 13.92 1.7908

35 1043.400 3.18 1.89 0.997734 14.33 10.2926
36 1045.020 1.204 1.206 0.983916 14.79 . 13.7053

37 1046.010 1.219 1.221 0.962921 15.24 19.4746
38 1047.120 1.234 1.248 0.941935 15.72 33.8810 P"

39 1047.340 L.250 1.256 0.944636 16.26 59.2848
4(; 1047.520 1.;65 1.264 0.991056 16.79 79.4461
41 1n47.710 1. 2#0 1.282 0.99386,8 17.36 92.8324

42 1n47.820 1.296 1.292 0.981358 18.0c 105.3118 . .
43 104FL.0601. 213 24 104.0 1.312 1.322 0.914458 18.67 185.3051

, 44 1041.240 ,. 327".

4. 1048.190 1.343
46 1049.210 1.372

*-cats violater rpeciuer size requireiritr

Partf ex acmert 6.710

ion Cf J1-tcre'elt -12.585

,.i't r Cfflci.rrt .e *Ir -13.00
83,7- ,b L3
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